We assessed the sensitivity of this test for seven polycyclic aromatic compounds. Control animals had 100% survival and low variability for growth measurements. Maximum exposure concentrations of 2,800 mg/kg (4,000 mg/kg for acridine) had no effect on survival. Similarly, growth (biomass and shell size) was not affected by pyrene, fluoranthene, fluorene, carbazole, phenanthrene, or acridine, whereas dibenzothiophene gave a 10% effect concentration of 1,600 mg/kg. Measured internal concentrations of carbazole, dibenzothiophene, and acridine increased with increasing soil concentrations, but biota-soil accumulation factors were low (0.002-0.1). Compared to previously tested organisms, with all being exposed in the same soil type and under similar test conditions, the H. aspersa test was relatively insensitive to all substances.
INTRODUCTION
A new standard test for terrestrial gastropods, which investigates the growth of juvenile Helix aspersa over a period of four weeks, was recently proposed by the International Standardization Organization (ISO) [1] . This test, which was proposed originally for contaminated food [2] and later developed for food and soil exposure [3] [4] [5] , has been used for examining the toxicity of food, soil, and leachates spiked with heavy metals [3] [4] [5] [6] [7] [8] [9] [10] . However, similar data regarding organic chemicals are scarce [11] . Thus, to evaluate the general applicability of the ISO snail test, information concerning its sensitivity to common organic soil pollutants is of interest.
The main goal of the work reported here, therefore, was to carry out a first evaluation regarding the sensitivity of the ISO snail test to organic soil pollutants using seven polycyclic aromatic compounds (PACs) as test substances. Contamination by PACs is one of the major problems related to industrial soils, and as such, PACs are good candidates for toxicity testing with snails. The substances selected for the present study are of interest because they have been tested previously with a variety of other soil organisms, including springtails [12] , enchytraeids [13] , earthworms [14] , three species of plants [15] , and soil-nitrifying bacteria [16] . In all tests, we chose to work with the same soil type and similar test conditions as used in these previous studies, which allowed us to examine the sensitivity of the snail test compared with other test species without the uncertainties related to differences in soil properties (i.e., bioavailability) and interlaboratory variation.
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MATERIALS AND METHODS

Test soil
Agricultural soil (Askov, Jutland), dried at 80ЊC for 24 h and sieved through a 2-mm mesh, was used in all tests. The Askov soil has an organic carbon content of 1.6%. (For additional characteristics, see Sverdrup et al. [12] ).
Sample preparation
Fluoranthene (FLA; purity, Ͼ99%), fluorene (FLU), pyrene (PYR; desiccate), phenanthrene (PHE; purity, Ͼ96%), dibenzothiophene (DI-S), acridine (ACR; purity, 97%), and carbazole (CAR; purity, 95%; all from Sigma-Aldrich, St. Louis, MO, USA) were dissolved in acetone (high-performance liquid chromatographic quality; J.T. Baker, Hayward, CA, USA) in a stock solution corresponding to the highest test concentration (see below). Dilutions from the stock solutions were made using acetone. Acetone (120 ml), with test substance, was mixed into 600 g (dry wt) of soil. Controls were both pure acetone and water. The solvent was then evaporated under a fume hood for 24 h before water was added (17% of soil dry wt). Test concentrations were 500, 1,000, 2,000, and 4,000 mg/kg of ACR; 175, 350, 700, 1,400, and 2,800 mg/kg of PHE, FLU, CAR, or DI-S; and 350, 700, 1,400, and 2,800 mg/ kg of PYR or FLA. Soils were equilibrated 24 h before addition of animals.
Test organisms
Juvenile H. aspersa (age, five to seven weeks; fresh mass, 1.5 Ϯ 0.2 g; shell diameter, 18 Ϯ 2 mm; mean Ϯ standard deviation) were used. The organisms were reared from eggs, as described by Gomot-De Vaufleury [3] , until three to five weeks of age, then put into aestivation (drought hibernation) and stored at 10ЊC for up to eight weeks. Two weeks before the experiment started, the snails were awakened by spraying them with water. During cultivation and testing, uncontaminated food (Helixal snail food; Chays frères, 25 Valdahon, France) was provided ad libitum and renewed three times a week.
Principle of the tests
The experiment followed the ISO Draft International Standard 15952 [1] and used static exposure (i.e., test substrate was not renewed) and three replicates of five snails per concentration. Following sample preparation, soil (250 g) was transferred to test containers (length, 240 mm; width, 105 mm; height, 80 mm) of transparent polystyrene. Then, food (served in Petri dishes with a surface area of ϳ5 cm 2 to avoid soil contact) and snails were added. Containers were closed with perforated lids. Individual shell diameter (SD; accuracy, 0.1 mm) and fresh mass (FM; accuracy, 0.1 g) was determined after zero, two, and four weeks of exposure. Growth coefficients were calculated according to the following procedure: Growth coefficient ϭ [(FM or SD at 14 or 28 d Ϫ FM or SD at t 0 )/(FM or SD at t 0 )]·100, where FM or SD is the average of measurements for each replicate and t 0 is time zero. At the end of the experiment, soil samples and snails (depurated for 48 h) were taken for chemical analysis and frozen at Ϫ18ЊC.
Test conditions
The test containers were kept in a climate-controlled room (21 Ϯ 3ЊC, 16:8-h light:dark photoperiod). They were weighted at the start of the experiment and watered every 1 to 3 d according to weight loss. Three times a week, the walls of the containers were cleaned and snail feces removed.
Analysis of test substances in soil and snails
In tests with PACs (CAR, DI-S, and ACR), soil and snails collected at the end of the tests were analyzed with regard to test substances (start samples for PACs in soil were not analyzed, because they were lost in the mail). For polycyclic aromatic hydrocarbons (FLU, PHE, FLA, and PYR), both start and end samples of soil were analyzed (snails from these tests were degraded during ''express delivery'' to the analytical laboratory and therefore were not analyzed). Chemical analysis was performed by two different laboratories. Polycyclic aromatic hydrocarbons in soil were analyzed according to the standard method XP X 33-012 [17] . Using accelerated solvent extraction (ASE 200; Dionex, Voisins Le Bretonneux, France), solid and semisolid samples were extracted with a hexane/ acetone mixture (ratio, 50:50). In the obtained extract, solvent was exchanged to acetonitrile and the extract analyzed with liquid chromatography coupled to a fluorimetric detector (model 2690/996/474; Water, En Yvelines Cedex, France). Soil samples of CAR, ACR, and DI-S (1 g) were extracted by shaking (125 rpm) with 20 ml of acetone and 20 ml of cyclohexane after addition of internal standard (deuterium-labeled acenaphthene) for 16 h. Thirty milliliters of NaCl-saturated water were then added, the emulsion shaken for another 5 min, and an aliquot of the cyclohexane phase sampled. The analysis was performed on a Hewlett-Packard 6890 gas chromatograph coupled with a Hewlett-Packard 5973 mass spectrophotometer using a fused-silica capillary column (Chrompack WCOT CPSIL8CB; Varian, Palo Alto, CA, USA) with a film thickness of 0.25 m.
Biota samples were extracted by shaking 3 g of homogenized sample with 20 ml of acetone and 20 ml of cyclohexane after addition of internal standard (deuterium-labeled acenaphthene) for 16 h. After addition of 30 ml of NaCl-saturated water, the cyclohexane phase was sampled and the extract concentrated to 1 ml in a gentle stream of nitrogen gas. The extract was cleaned up using size-exclusion chromatography on a XK 16/70 column (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) filled with Bio-bead S-X3 gel (Bio-Rad Laboratories, Hercules, CA, USA). The mobile phase consisted of 25% tetrahydrofuran in cyclohexane, and the flow rate was 1 ml/min. The fraction between 24 and 38 min was concentrated to 1 ml in a gentle stream of nitrogen gas and used for analysis. The analyses were performed as for the soil samples.
Statistical analysis
The growth coefficients (i.e., the average increase in biomass [%] and the average increase in shell size [%]) for snails in each replicate were used as measures of growth after two and four weeks of exposure. No-observable-effect concentration values were assessed using analysis of variance (ANOVA) and Dunnett's procedure ( p Ͻ 0.05) in the computer program JMP (Ver 5.0; SAS Institute, Cary, NC, USA) after testing for fulfillment of ANOVA requirements. The concentrations that caused 10% reduction in growth as compared to control values (EC10 values) were calculated for tests in which significant effects were detected. The EC10 values were calculated by linear interpolation, and the confidence intervals (CIs) were calculated by the inhibitory concentration method [18] . All toxicity estimates were based on nominal concentrations.
RESULTS
Chemical analysis in soil
For PYR, PHE, FLU, and FLA, measured initial concentrations were close to nominal (80-103%) ( Table 1) . A sig- nificant loss (degradation) of PHE (96%) and FLU (84%) occurred during exposure, whereas for FLA and PYR, 90 and 96%, respectively, of initial concentrations were recovered after 28 d. For CAR, DI-S, and ACR, soil samples at the end of the experiment were from 83 to 120% (CAR and DI-S) and from 45 to 86% (ACR) of the nominal initial concentrations ( Table 1) .
Accumulation of PACs in snails
Body concentrations in snails showed a concentration-dependent accumulation for PACs, and maximum internal concentrations reached 31, 6.9, and 1.4 g/g wet weight for the substances DI-S, CAR, and ACR, respectively (Fig. 1A) . Internal concentrations remained much lower than soil concentrations, with biota-to-soil accumulation factors (dry wt/dry wt) ranging from approximately 0.1 for DI-S, 0.01 for CAR, and 0.002 for ACR (Fig. 1b) . Biota-to-soil accumulation factors were largely independent of exposure concentration.
Snail toxicity data
No difference was found between acetone-treated and water controls (ANOVA, Dunnett's, p Ͼ 0.05). Controls were therefore pooled for the statistical analyses. Controls had 100% survival and low coefficients of variance (average size, 6.6%; average weight, 9.1%). All tests were valid according to the validity criteria of the standard method [1] .
No effect on survival was observed for any of the substances tested, even at the highest exposure concentrations of 2,800 mg/kg (4,000 mg/kg for ACR). Effect on snail growth was observed only for DI-S (Fig. 2) . Calculated EC10 values for DI-S were similar after two and four weeks, and the fourweek EC10 value for shell size and fresh weight were 1,900 mg/kg (95% CI, 1,700-2,500 mg/kg) and 1,600 mg/kg (95% CI, 310-1,800 mg/kg), respectively. We also observed a statistically significant effect of PHE on shell size at the highest test concentration, but a look at the raw data revealed that this was an artifact caused by a larger initial shell size in this treatment compared to the test average.
L.E. Sverdrup et al. Fig. 3 . Pairwise plot of the two endpoints, weight increase and shell size, increase from experiments with Helix aspersa. Two values were used for each replicate tested in the present study (i.e., measurements after two and four weeks of exposure). Inserted lines show regression fit, 95% confidence curves for fit, and confidence curves for individual measurements. a Eisenia veneta growth [14] . b Folsomia fimetaria reproduction [12] . c Enchytraeus crypticus reproduction [13] . d Lolium perenne growth [15] . e Trifolium pratense growth [15] . f Sinapsis alba growth [15] . g Soil-nitrifying bacteria.
Weight versus shell size
A comparison of the two response parameters used to estimate growth in the test (i.e., snail weight and shell size) showed a good agreement (r 2 ϭ 0.81, p Ͻ 0.0001, n ϭ 276) (Fig. 3) . The model fitted to the data was as follows: % Shell size increase ϭ 20.745109 ϩ 0.1374749 (% weight increase).
DISCUSSION
By following the proposed test standard, controls had 100% survival and low variability for growth measurements, showing that H. aspersa is easy to maintain in a laboratory test setting. However, the usefulness of the snail test also depends on its responsiveness to chemical exposure (i.e., sensitivity). Soil exposure to PACs apparently had little effect on growth and survival; in other words, sensitivity seemed to be low compared to that of similar tests with other organisms (Table  2) . Cairns [19] points out that no such thing exists as the most sensitive species to all chemicals. Therefore, test batteries consisting of representatives from several trophic levels are suggested for an ecotoxicological characterization of chemicals and contaminated samples. For contaminated soils, the ISO [20] suggests including a minimum of one soil invertebrate, one terrestrial plant, and a microbial process for assessing risk. Based on the results presented here, snails do not qualify as a representative toxicity test for PAC-contaminated soils.
The high resistance to PACs observed in the present study most likely results from limitations in soil exposure, because snails can choose either to spend time on the soil surface or to attach onto the walls of the test containers. This explanation is supported by the low concentrations measured for the substances DI-S, CAR, and ACR in snail tissue, although snails accumulate these compounds in a dose-related manner. Comparison with critical body burdens in other test animals are hampered by lack of data for these substances, but based on estimates by Di Toro et al. [21] for effects of polycyclic aromatic hydrocarbons, a chronic critical body burden can be calculated at 3.79 mol/g lipid. Assuming a lipid content of 5% relative to wet weight, a chronic critical body burden can be calculated at 0.1895 mol/g wet weight. For our test substances, this means critical body burdens in the range of 31 to 38 g/g wet weight. This is in the range of the highest measured internal concentrations for DI-S in the present study ( Fig. 2A) , for which significant effects were, indeed, observed. This suggests that the sensitivity of H. aspersa is similar to other organisms (as expected for narcotic substances) and that lack of effects is caused by exposure avoidance. Alternatively, low internal concentrations also could result from efficient metabolization of PACs in snails, as shown for naphthalene in H. aspersa [22] .
Based on the good correlation obtained between effects on shell size and effects of fresh weight, the choice of including both biomass and shell size as effect parameters in the test might seem to be superfluous. However, an earlier study by Coeurdassier et al. [23] showed that fresh weight measurements underestimated the toxic effect of dimethoate because of induction of water retention in snails. For the large group of organic substances with a nonspecific mode of toxic action, to which PACs have been attributed (see, e.g., [12, 21] ), measurement of only fresh weight might still be sufficient.
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CONCLUSION
The survival and growth of snails (H. aspersa) after four weeks of exposure is only slightly affected by soil exposure to very high concentrations of seven PACs. Compared to literature data for the toxicity of these compounds to a number of other soil invertebrates, plants, and microorganisms, H. aspersa is among the least sensitive organisms. The most likely cause for the low sensitivity is the behavior of the snails, which limits their exposure to the toxicant. Based on this, the test does not seem to be suitable for toxicity testing of PACs, at least when test organisms are exposed to contaminated soils only.
